The creation of effective fungal membrane models for neutron and X-ray reflectometry experiments is a key step in the development of new antifungal pharmaceuticals and agrochemicals to allow in vitro investigation of their mode of interaction with target cells. The structure of the obtained models depends on the properties of the lipids used and the final composition of the leaflets, and can be subject to the spontaneous translocation of phospholipids across the bilayer. The effect of phospholipid acyl-chain unsaturation and the presence of steroids in the membrane on the bilayer asymmetry were examined by means of neutron reflectometry. The measurements showed that membrane stability was higher if a zwitterionic, saturated acyl-chain phospholipid is present as the inner leaflet. Furthermore, membrane asymmetry was higher in the case of fully saturated lipid systems. As a result, membrane models consisting of fully saturated acyl chains within the inner leaflet are recommended as the starting point for subsequent studies of antifungal interactions owing to the simplicity of the models and their relative stability, thus allowing better control over the exact lipid composition facing the tested antifungal.
Introduction
The cell membranes, also referred to as plasma membranes, of pathogenic microorganisms are the targets for many drugs, for example the antibiotic daptomycin (Enoch et al., 2007; Kreutzberger et al., 2017) and the antimycotic amphotericin B (Łubkowski et al., 1989) . This creates a need for cellmembrane models in order to investigate their interactions with specific drugs and the factors that control these interactions. The membrane models that are most often used are lipid monolayers, such as those used by Sanders et al. (2013) to study the interactions of wheat defence proteins with bacterial membrane models, lipid bilayers, as in the work of Neumann et al. (2016) aiming to characterize the action of amphotericin B, and lipid vesicles, as exemplified by the work of Ravishankar et al. (2015) focusing on describing the action of anti-angiogenic compounds. Flat lipid bilayers deposited on a solid support are generally accepted to offer a better representation of natural membranes than monolayers; bilayers take into account the naturally occurring phenomenon of lipid translocation (or flipping) across the bilayer leaflets, thus affecting the composition of the outer leaflet, which is the primary contact of the potential drug.
Research on asymmetrically deposited lipid bilayers has included the development of bacterial (Pan et al., 2012) , fungal (Foglia et al., 2012) and mammalian (Dabkowska et al., 2009 ) ISSN 2059-7983 # 2018 International Union of Crystallography models. The fungal membrane models used in the research by Foglia et al. (2012) were characterized by a naturally high fluidity and the presence of the fungal steroid ergosterol. The advances in bilayer creation also focused on achieving natural mobility of the membrane by creating supported lipid bilayers , i.e. structures separated from the lipid deposited on the solid support by a thin water layer, which are created by the initial grafting of a supporting layer of phospholipids onto the solid substrate surface, thereby minimizing electrostatic interactions with the substrate. The aforementioned studies on lipid bilayers involved the fabrication of relatively complex lipid models. However, the process of developing fungal bilayer models starting from simple compositions has not been described in detail. The aim of this article is to create simple fungal bilayer models as the starting point for antifungal drug-development research and to describe the increase in complexity of the models with a focus on the leaflet composition. The examined parameter influencing the bilayer composition will be the lipid fluidity caused by the presence of unsaturated fatty-acid chains or the presence of steroids in the designed lipid systems.
The first step in creating artificial fungal membrane systems involves the choice of model organisms and research on their plasma-membrane composition. The next area to consider when developing the models is the physical/chemical properties of the molecules, and thus of the system, which should be altered/examined. The limiting factors should be taken into consideration when developing the models, for example the stability of the compounds used, their compatibility with the other compounds present in the system and their ability to form stable monolayers at the air-liquid interface to facilitate deposition. Finally, experiments on simple models and their refinement are carried out to assess the influence of the chosen factor on lipid flipping, and more advanced models, focusing on the specific features of the system, are developed.
The models presented in this article were based on the cell membrane of baker's yeast (Saccharomyces cerevisiae), an organism that is often used in biomolecular studies owing to the relative simplicity of its lipidome and its uncomplicated growth requirements (Santos & Riezman, 2012) . The study by Zinser et al. (1991) was chosen as the basis to create the simple membrane models for the experiments as it provided one of the first lipid profiles of baker's yeast membranes. The work by Martin et al. (2007) provided further support for the lipid choice as it revealed the fatty-acid composition of the yeast cell membrane. Table 1 presents the structures of the lipids chosen for this work and their main properties.
The starting model of the fungal bilayer included the zwitterionic phospholipid DPPC (dipalmitoylphosphatidylcholine; PC 16:0) possessing a neutral charge at the interface, and the saturation of the lipid enabled dense packing of the molecules. In the study by Zinser et al. (1991) , phosphatidylcholine was shown to be the second most abundant zwitterionic phospholipid group in the yeast plasma membrane and the most common in other cellular components. The dipalmitoyl chains formed the largest proportion of the saturated lipid fatty acids in yeast, which constitute up to 20% of the total lipids, with the remainder being unsaturated (Martin et al., 2007) . The second phospholipid in the simple bilayer model, possessing negative charge, was DPPS (dipalmitoylphosphatidylserine; PS 16:0), which belongs to the most abundant anionic phospholipid group in the yeast cell membrane (Zinser et al., 1991) . Phosphatidylcholines and phosphatidylserines are components that are also found in high proportions in the cell membranes of other fungi, for example selected strains of the human pathogen Candida albicans (Lö ffler et al., 2000) and the plant pathogen ergot (Claviceps purpurea; Křen et al., 1990) . Therefore, the findings from the experiments on these phospholipids could contribute to the development of not only antifungal pharmaceuticals but also pesticides.
Membrane fluidity was introduced by building membrane models to contain a degree of unsaturation in the phospholipid fatty-acid chains. For this purpose, a partially unsaturated phospholipid, POPS (1-palmitoyl-2-oleoylphosphatidylserine; PS 16:0 18:1), was chosen as it contained the two fatty-acid chains C16:0 and C18:1 shown to be the most common in the yeast natural membrane. The fully fluidic phospholipids containing two oleoyl chains, for example dioleoylphosphatidylcholine (DOPC), were also taken into account when developing the models. However, they were not able to produce the stable lipid monolayers needed for the deposition of the lipids onto the solid support (see Section 2.2 for more detail). The steroid components of natural membranes are believed to act as membrane stabilisers, providing rigidity to the regions containing more fluidic lipids and more space for the regions with the tightly packed saturated lipids (Bhattacharya & Haldar, 2000) . To examine the effect of the steroid on the lipid rearrangement in the bilayer, an equimolar mixture of DPPS and ergosterol, the most common steroid in the fungal membrane (Zinser et al., 1991) , was one of the lipid systems used to create a fungal bilayer.
The aforementioned properties of the lipid systems are examined as contributors to the asymmetry of the artificial fungal membrane. In the case of artificial membranes the translocation of phospholipid between the layers occurs spontaneously , whereas the asymmetry of the natural membranes is supported by enzymes called flippases, floppases and scramblases (Daleke, 2003) . In biological systems, changes in membrane asymmetry affect the mechanical stability of the cell and can lead to cell death (Manno et al., 2002; Fadeel & Xue, 2009 ). This lipid movement affects the composition of the outer leaflet, which is primarily exposed to the action of the previously described drugs. Therefore, the resulting lipid asymmetry in the bilayers is believed to play a major role in mediating drug-cell interactions. The lipid-bilayer models described above can be used to support research on the main targets of the antifungal drug approaching the plasma membrane, for example areas with negative charge and sterol-rich areas. Therefore, the created lipid models will not only support the development of new antifungal drugs, but will also provide a more detailed insight into the modes of action of already existing drugs. Furthermore, revealing the physical properties of the membrane areas research papers that are the preferential site of action of the drugs could contribute to the design of the new 'templates' for the creation of novel antifungal compounds.
Materials and methods

Materials
Phospholipids, namely 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (h-DPPC; synthetic, purity >99%), 1,2-dipalmitoyl(d62)-sn-glycero-3-phosphocholine (tail-deuterated d-DPPC; synthetic, purity >99%), 1,2-dipalmitoyl-sn-glycero-3-phospho-l-serine (DPPS; synthetic, purity >99%) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-l-serine (POPS; synthetic, purity >99%), were all purchased from Avanti Polar Lipids (Alabaster, Alabama, USA). All lipids were used without further purification.
Lipid solutions (1 g l À1 ) of h-DPPC, d-DPPC and POPS were prepared in HPLC-grade chloroform (Sigma-Aldrich, Dorset, England). The solutions containing DPPS were prepared in a 2:1(v:v) chloroform:methanol mixture; HPLCgrade chloroform and methanol were purchased from Sigma-Aldrich. The solutions were stored at room temperature (saturated lipids) or at À20 C (unsaturated lipids and their mixtures).
Phosphate buffer salts and ergosterol (95%, HPLC grade) were obtained from Sigma-Aldrich. Phosphate buffer solutions (pH/pD 7.0, 20 mM phosphate: 1.64 g l À1 Na 2 HPO 4 , 1.17 g l À1 NaH 2 PO 4 monohydrate) were prepared in UHQgrade water (resistivity 18.2 M cm, obtained from a purifier from ELGA LabWater, High Wycombe, England) and in deuterium oxide (99.9 at% D, obtained from Sigma-Aldrich).
The bilayer nomenclature applied throughout this article is 'Name_of_Lipid_in_Inner_Leaflet:Name_of_Lipid_or_Lipid_ Mixture_in_Outer_Leaflet'; for example, d-DPPC:h-DPPS bilayer means that the lipid deposited in the inner leaflet was tail-deuterated DPPC and that the outer leaflet was composed of fully hydrogenous DPPS.
Bilayer deposition
Fungal membranes were deposited onto a Piranha-cleaned surface (covered with a thin layer of silicon oxide after cleaning) of silicon crystals (50 Â 80 mm bilayer-coverable surface polished to 3 Å root-mean-square roughness, thickness 20 mm), purchased from PI-KEM (Tamworth, England). The deposition of the lipid bilayers was carried out using a purpose-built Langmuir-Blodgett (LB) trough (KSVNima, Biolin Scientific, Finland). Florek et al. Lipid composition in fungal membrane models 1235 Table 1 Structural formulae and physical properties of the lipids used in this study.
Hydrophobic parts of the molecules are marked in yellow; hydrophilic parts of the molecules are marked in blue. The LB technique was used to deposit the inner leaflet of the membrane onto the silicon surface and Langmuir-Schaefer (LS) deposition was used for the outer leaflet (Tamm & McConnell, 1985; . For the LB deposition of the inner leaflet of the bilayer, the lipid solution was spread onto a clean air-liquid interface of 0.05 M CaCl 2 solution (the promotion of higher lipid coverage by calcium ions has been demonstrated by Clifton, Skoda et al., 2015) and compressed to a surface pressure of 35 mN m À1 (corresponding to the condensed-phase packing of the phospholipid molecules used; Brockman et al., 2003; Ronzon et al., 2002) . A submerged silicon crystal was then lifted through the airwater interface at a speed of 3 mm min À1 while the surface pressure was kept constant.
Lipid
The LB trough was then cleaned and an air-liquid interfacial monolayer of the outer leaflet lipid was spread on the cold (4 C, used to increase the packing of the molecules at the interface) 0.05 M CaCl 2 solution and compressed to the surface pressure values applied for the LB technique. The LS deposition of the bilayer outer leaflet was achieved by placing the silicon crystal containing the LB-deposited lipid monolayer in a holder directly above the air-liquid interface of the LB trough. The angle of the crystal was adjusted using a purpose-built levelling device to make the crystal face parallel to the water surface. The silicon crystal (and LB film) was then dipped through the interface at a constant speed of 3 mm min À1 and lowered into a purpose-built sample cell placed in the well of the trough.
Neutron reflectometry (NR) measurements
Specular NR measurements were carried out using the INTER (Webster et al., 2006) and SURF (Penfold et al., 1997) time-of-flight reflectometers at ISIS Neutron and Muon Source, which is part of the Rutherford Appleton Laboratory, Harwell, England, using neutron wavelengths from 0.5 to 6.8 Å for SURF and from 1 to 16 Å for INTER. The reflected intensity is measured as a function of the momentum transfer Q z [Q z = (4 sin )/, where is the wavelength and is the incident angle]. The collimated neutron beam was reflected from the silicon-liquid interface at different glancing angles of incidence: 0.35, 0.65 and 1.5 for SURF, and 0.7 and 2.3 for INTER.
Purpose-built liquid-flow cells for analysis of the silicon/ liquid interface were placed on a variable-angle sample stage in the NR instrument and the inlet to the liquid cell was connected to a liquid-chromatography pump (L7100 HPLC pump, Merck, Hitachi), which facilitated exchange of the solution isotopic contrast within the (3 ml volume) solid/liquid sample cell. The cell was flushed with D 2 O to remove excess calcium chloride, thereby preventing the precipitation of calcium phosphate. For each solution isotopic contrast change, a total of 22.5 ml of 20 mM pH/pD 7.0 sodium phosphate buffer solution was pumped through the cell (7.5 cell volumes) at a speed of 1.5 ml min À1 . The experiments were performed at ambient temperature.
NR data analysis
Reflectivity profiles were obtained for samples containing the tail-deuterated lipid in the inner leaflet and for a sample containing fully hydrogenous lipid in both leaflets. Owing to the large difference in neutron scattering-length density (SLD, ) between hydrogenous and deuterated alkyl chains, the use of deuterated and hydrogenous lipids within the same bilayer can highlight asymmetry in the inner and outer leaflet composition and allow the structural parameters from the lipid tails in individual bilayer leaflets to be determined (Wacklin, 2011) . Table 2 shows a list of the neutron SLDs of the components used in the study; the values were calculated as described in Clifton et al. (2008) .
All bilayers were examined under three-solution isotopic contrast conditions, which were used to highlight the different components of the bilayer structure. Reflectivity profiles were obtained with a phosphate buffer solution prepared in D 2 O (99.9%, = 6.35 Â 10 À6 Å À2 ), followed by silicon scatteringlength density-matched water [SMW; 38% D 2 O:62% H 2 O (v:v); = 2.07 Â 10 À6 Å À2 ] and water ( = À0.56 Â 10 À6 Å À2 ).
The neutron reflectivity profiles obtained from three isotopic contrasts were simultaneously analysed using the RasCAL fitting software (Hughes, 2013) , which employs an optical matrix formalism, as described in detail by Born & Wolf (1970) , to fit layer models to the interfacial structure. In this approach, the interface is described as a series of slabs, each of which is characterized by its SLD, thickness and roughness. The reflectivity for the model starting point is then calculated and compared with the experimental data. A leastsquares minimization is used to adjust the fit parameters to reduce the differences between the model reflectivity and the data. In all cases the simplest possible model [i.e. the lowest number of parameters (layers)] which adequately described the data was selected. The lower limit of the roughness parameter for the silicon oxide layer and lipid bilayer was not constrained to the 3 Å substrate roughness during the fitting since this was a root-mean-square average rather than an absolute value.
The fitted results of the reflectivity data obtained from bilayers containing the tail-deuterated lipids in three differing Summary of the NR scattering-length densities (SLDs) used in data analysis.
Molecule/part of molecule † SLD (Å À2 ) PS (phosphatidylserine) headgroup 3.06 Â 10 À6 h-DP (dipalmitoyl) h-tails À0.39 Â 10 À6 h-PO (1-palmitoyl-2-oleoyl) h-tails À0.34 Â 10 À6 PC (phosphatidylcholine) headgroup 1.98 Â 10 À6 d-DP (dipalmitoyl) d-tails 7.45 Â 10 À6 Ergosterol 0.43 Â 10 À6 † h-tails refers to fatty-acid acyl chains without isotopic substitution; d-tails refers to fatty-acid acyl chains with isotopic substitution of deuterium for hydrogen. fitting uncertainties were obtained by performing the inbuilt bootstrap error analysis in RasCAL.
The following assumptions were made for the fitting of the reflectivity data.
(i) Full bulk-solvent exchange for each layer during a contrast change; this was also applied to the hydration parameter for each layer (see below).
(ii) A hydration parameter (percentage of water by volume in the layer), allowing direct determination of the water content, was applied for all layers. This significantly shortened the time for data analysis by simplifying the model and guaranteeing the constant water fraction for each contrast.
(iii) A constant thickness, SLD, hydration and roughness was maintained for all contrasts in the sample. This arises from the assumption that the bilayer structure remained intact during contrast replacement.
(iv) The SLDs (theoretical values, as reported in Table 2 ) of the lipids do not change during contrast variation owing to a lack of exchangeable H atoms.
The lipid and water volumetric fractions for the lipid-only fits were determined directly from the following hydration parameters:
and
To assess the lipid flipping between the leaflets with the deuterated lipid deposited on the inner leaflet, the following approach was employed.
(i) The water fraction was determined directly from the hydration parameter for the inner tails and outer tails layers, and the results reported in the lipid-mixing tables did not take the headgroup hydration into account.
(ii) The inner tails and outer tails regions of the fits were used to determine the lipid mixing owing to the relatively large difference between the SLDs of the tails: 7.45 Â 10 À6 Å À2 for the deuterated dipalmitoyl tails and À0.39 Â 10 À6 Å À2 for the fully hydrogenous tails (because of this, the distribution of the lipids between the leaflets was able to be assessed with a fairly high level of confidence).
(iii) The volumetric fractions of the inner lipid (the lipid deposited during the LB dip) and the outer lipid (the lipid deposited during the LS dip) for the inner tails layer and the outer tails layer were calculated using the equations
where ' is the volume fraction of the layer component and SLD is the calculated scattering-length density of the component (see Table 2 ). Hence, for the given layer,
The lipid volumetric fractions above describe the layer composed of the lipid only. Therefore, the obtained values need to be corrected to take the fraction of water into account:
The values reported in the tables describing the inner and outer lipid distributions among the leaflets were those obtained from these final two equations.
Lipid hydration, mentioned later in the article, refers to the hydration of the hydrophobic parts of the molecules (labelled as tails), as it allows the lipid coverage of the substrate surface to be determined. This hydration arises as an imperfection in the deposition process .
Results
The influence of chain unsaturation on bilayer asymmetry
Three bilayer systems were characterized to investigate the influence of unsaturation of the lipid acyl chain on bilayer asymmetry; the three bilayer systems were d-DPPC:h-DPPS, d-DPPC:h-POPS and d-DPPC:(h-DPPC:h-DPPS, 1:1 mol:mol). The component lipids contained either PC or PS headgroups, since these dominate the lipid composition of the natural fungal plasma membrane (Zinser et al., 1991) . Reflectivity measurements were carried out using the INTER instrument under three different solution contrasts (H 2 O, SMW and D 2 O), from which the data obtained were fitted to a five-layer model (moving from the silicon substrate to the bulk solution): (i) silicon oxide, (ii) inner headgroup, (iii) inner acyl chains (inner tails), (iv) outer acyl chains (outer tails) and (v) outer headgroup. This contained the minimum number of defined layers for which a statistically valid fit was obtained for all systems to allow meaningful comparison between them. As the quantitative analysis of the leaflets was carried out using the SLDs of the phospholipid chains, the volumetric fraction of water obtained from the hydration parameter reflected the water content contained in the hydrophobic tails region only. The results do not take into account the hydration of the hydrophilic headgroups. Fig. 1 shows the reflectivity profiles, model data fits and the resulting SLD profiles for the d-DPPC:h-DPPS bilayer deposited on a silicon surface. Table 3 describes the structural parameters derived from the fitting of the NR data that describe the SLD profiles shown in Fig. 1 . The bilayers were characterized by a high coverage of greater than 90% (determined as the sum of the volume fractions of the lipid components in the inner and outer leaflets). Further analysis of the reflectivity data revealed that the d-DPPC:h-DPPS bilayer was characterized by high asymmetry and, although there was evidence of some translocation between the inner and outer leaflets, this translocation or mixing was significantly less than observed in previous work for DPPC:lipid A bilayer systems . For d-DPPC:h-DPPS, the inner leaflet was determined to be comprised of 73.7% DPPC (' d-DPPC = 0.737) and 17.0% DPPS (' h-DPPS = 0.170), while the outer leaflet was 1.9% DPPC and 88.8% DPPS. The bilayers were stable during analysis over a 12 h timescale and were both deposited and analysed in the gel phase, which together with the very low proportion of DPPC in the outer leaflet suggests that the mixing between the layers occurred during the LS deposition of the outer leaflet (Gerelli et al., 2012) , rather than through subsequent translocation. Fig. 2 shows the reflectivity profiles, model data fits and the resulting SLD profiles for the d-DPPC:h-POPS bilayer, which revealed a more symmetric distribution of the phospholipids in the bilayer than for the fully saturated bilayer, as shown by a much smoother fringe in the D 2 O contrast reflectivity profile (Fig. 2, red line) . Table 4 summarizes the structural parameters derived from the data model, which revealed an apparently near-total coverage of the silicon substrate, although it needs to be stressed that the calculated values for the volumetric fractions of water do not include the water from headgroup hydration. The POPS component has a lower melting point than DPPS (14 C versus 54 C) owing to the monounsaturated oleoyl chains present in POPS that introduce a bend into the acyl chain, which contributes to greater fluidity and hence mobility at the deposition and analysis temperatures. This led to a greater degree of translocation between the bilayer leaflets, with 35.2% h-POPS in the inner leaflet and 25.3% d-DPPC present in the outer leaflet, and the higher mobility of the molecules seemed to have hampered the insertion of water into the tails region.
A third system was characterized, which consisted of an equimolar mixture of h-DPPC and h-POPS deposited on the outer leaflet to create a 'partially fluidic' system. The NR reflectivity profiles, data fits and SLD profiles are presented in Fig. 3, and Table 5 summarizes the structural parameters that define the data model. To rule out an effect of the charge reduction in the headgroups on the lipid asymmetry in the fully saturated systems, an additional experiment was carried out using fully saturated phospholipids with a half-anionic lipid composition on the outer leaflet, i.e. d-DPPC:(h-DPPC: h-DPPS, 1:1 mol:mol), and it revealed a comparable degree of translocation to the fully saturated system d-DPPC:h-DPPS (data not shown). Reducing the fluidity of the outer leaflet by half produced asymmetry that lay between the fully saturated and fully unsaturated outer leaflet bilayers described earlier.
The introduction of the higher amount of saturated fatty-acid chains also caused an increase in the water content in the hydrophobic tails region and a reduction of the roughness of the bilayer (see Table 5 ).
The influence of steroids on bilayer asymmetry
To build the complexity of the bilayer towards a more realistic model of the fungal membrane, the fungal steroid ergosterol was incorporated into the outer leaflet as an equimolar mixture with h-DPPS. The resultant bilayer was characterized using the INTER instrument to obtain NR profiles as shown in Fig. 4 . Analysis of the bilayer, as summarized in Table 6 , revealed a high coverage (above 97%) together with a high content (41.8%) of h-DPPS and ergosterol within the inner leaflet as well as being the major component of the outer leaflet (74.5%). The results suggest a role of the steroid in making the saturated regions of the membranes slightly more mobile and therefore acting similarly to unsaturated phospholipids. Such an action of steroids has also been reported by Rubenstein et al. (1979) .
The use of anionic, unsaturated phospholipids on both leaflets of the bilayer
To examine whether a bilayer system could be created with unsaturation in both leaflets, hence providing a greater ability to accurately represent natural membranes, a symmetrically deposited h-POPS:h-POPS bilayer was attempted. This anionic phospholipid was chosen for the experiment as it produced stable monolayers and was a good representative fungal membrane phospholipid (Zinser et al., 1991; Martin et al., 2007) . The NR instrument used for the experiment was SURF. Fig. 5 shows the reflectivity profiles obtained in three different isotopic contrasts, together with data fits and SLD profiles. In each case these did not resemble the profile shapes typically obtained for a fully hydrogenated (not containing any deuterated component) lipid bilayer. Therefore, the predefined fitting model was set as a 'double bilayer' consisting of two h-POPS bilayers separated by thin layers of water (see the summary of the fitting parameters in Supplementary Table   research Florek et al. Lipid composition in fungal membrane models 1239 Table 4 Structural parameters for an asymmetrically deposited d-DPPC:h-POPS bilayer on a silicon substrate at 35 mN m À1 monolayer pressure.
The minimum and maximum values of the fit error are reported in parentheses. Headgroup hydration values were not used in the calculation of bilayer asymmetry.
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Figure 2
Neutron reflectivity profiles and data fits (left) and the resultant SLD profiles (right) of the asymmetrically deposited d-DPPC:h-POPS bilayer obtained at three isotopic contrasts: 100% D 2 O (red line), SMW containing 38% D 2 O (green line) and 100% H 2 O (blue line). S1), with one layer attached to the silicon surface and the other layer floating just above the first layer. As a result, the model for the fitting process consisted of the following layers (starting from the silicon crystal surface): (i) silicon oxide, (ii) water layer 1, (iii) lipid headgroup 1, (iv) lipid acyl chains, tails 1, (v) lipid headgroup 2, (vi) water layer 2, (vii) lipid headgroup 3, (viii) lipid acyl chains, tails 2 and (ix) lipid headgroup 4. As the created double bilayer was based on a symmetric deposition, the layers representing phospholipid acyl chains, which are labelled as tails, were treated as a single layer with one nonfitted SLD parameter (À0.34 Â 10 À6 Å À2 ; see Table 2 ) and one fitted (allowed to vary) hydration parameter. An equal hydration level was assumed throughout the tails region. This step allowed the fitting process to be simplified. The described model could be fitted to the obtained reflectivity data (see Fig. 5 , reflectivity profiles on the left). However, the created double POPS bilayer, although robust enough to allow the collection of three isotopic contrasts, Neutron reflectivity profiles and data fits (left) and the resultant SLD profiles (right) of asymmetrically deposited d-DPPC:(h-DPPC:h-POPS, 1:1 mol:mol) obtained at three isotopic contrasts: 100% D 2 O (red line), SMW containing 38% D 2 O (green line) and 100% H 2 O (blue line). Table 5 Structural parameters for an asymmetrically deposited d-DPPC:(h-DPPC:h-POPS, 1:1 mol:mol) bilayer on a silicon substrate at 35 mN m À1 monolayer pressure.
Layer
Thickness ( of adjacent bilayers (Clifton, Skoda et al., 2015) . This, however, was not sufficient to maintain the bilayer structure after the D 2 O flush. The observed instability of the double bilayer suggests caution in drawing firm conclusions about the structure from the model since there could be inconsistency between each of the three isotopic contrasts.
Discussion
The reported data examine the fabrication of asymmetric lipid-bilayer models as representations of fungal membranes. The overall interfacial structures suggested by the structural parameters for each data model fit are schematically illu-strated in Fig. 6 . A higher content of unsaturated lipids leads to more translocation between the bilayer leaflets, as does the deposition of ergosterol as a component of the outer leaflet. The four analysed systems produced bilayers with a comparable overall bilayer thickness of $60 Å , each corresponding to the bilayer thicknesses obtained by Clifton et al. (2013) . The results from the symmetrically deposited h-POPS:hPOPS bilayer suggest that the deposition of a fully unsaturated and anionic phospholipid as the inner leaflet was problematic in terms of creating a controlled and stable bilayer structure. The difficulty of assembling a bilayer with an unsaturated acyl chain as the inner layer (i.e. contacting the substrate) supports the approach taken in previous studies to choose a zwitter- ionic phospholipid with saturated chains, such as DPPC, as the component of the inner leaflet . This has the benefit of reducing the charge-driven repulsion of the phospholipid headgroups from the silicon oxide surface and ensuring the presence of a saturated chain in the inner leaflet to contribute to a more ordered structure of the bilayer and to prevent spontaneous folding. Relatively high asymmetry was observed for the bilayers containing the fully saturated phospholipids. The lipid volumetric fractions in these systems were comparable to those obtained by Clifton et al. (2013) . A significantly higher level of lipid translocation between the two leaflets was observed for the more fluidic lipid systems, i.e. d-DPPC:h-POPS (see Table 4 ), and an intermediate level of lipid rearrangement was observed for the half-saturated composition of the outer leaflet and the outer leaflet composition containing the steroid. The enhanced lipid translocation observed in some of the fabricated bilayers could be explained by the higher mobility of the lipid molecules, resulting directly from the fluidity-enhancing components, for example unsaturated fattyacid chains and the presence of steroid. These observations are in agreement with those reported by Yuan et al. (2013) , who used DPPC and DOPC in their work on assessing the extent of lipid translocation between the leaflets.
Conclusions
Lipid bilayers aiming to mimic natural fungal membranes were successfully created. These were able to include representative headgroups, the unsaturation of lipid acyl chains and sterols in proportions that relate to the known properties of fungal membranes. The bilayers thus fabricated were stable and provide a suitable substrate for the study of membranedrug or membrane-protein/peptide interactions that may serve as useful tools in the early stages of drug or agrochemical development. The dependence of bilayer asymmetry on the lipid composition was assessed. Specifically, the experiments focused on the influence of the membrane fluidity caused either by the level of fatty-acid chain unsaturation or the presence of steroid. Higher membrane symmetry was observed for lipid systems containing a higher proportion of fluidic, chain-unsaturated lipids and for those containing ergosterol.
The reported models form the basis for future work to investigate the creation of more complex models, examination of their interaction with antimicrobial compounds and studies of the stability of the bilayer in different conditions, for example temperature and pH. However, in pursuing this future work it is clear from this study that there are compromises that must be made to create a stable bilayer system that present possible limitations to creating more complex models. It was not possible to create a stable system with a high proportion of unsaturation or charge on the inner (silicon substrate facing) layer, which would therefore suggest that the assembly of floating bilayer models above a self-assembled monolayer may be a more attractive approach. Nevertheless, the bilayer systems created here are relatively simple to model and offer facile and reproducible fabrication as advantages.
